The chemotaxis of Vibrio cholerae, the causative agent of cholera, has been implicated in pathogenicity. The bacterium has more than 40 genes for methyl-accepting chemotaxis protein (MCP)-like proteins (MLPs). In this study, we found that glycine and at least 18 L-amino acids, including serine, arginine, asparagine, and proline, serve as attractants to the classical biotype strain O395N1. Based on the sequence comparison with Vibrio parahaemolyticus, we speculated that at least 17 MLPs of V. cholerae may mediate chemotactic responses. Among them, Mlp24 (previously named McpX) is required for the production of cholera toxin upon mouse infection. mlp24 deletion strains of both classical and El Tor biotypes showed defects in taxis toward several amino acids, which were complemented by the expression of Mlp24. These amino acids enhanced methylation of Mlp24. Serine, arginine, asparagine, and proline were shown to bind directly to the periplasmic fragment of Mlp24. The structural information of its closest homolog, Mlp37, predicts that Mlp24 has two potential ligand-binding pockets per subunit, the membrane distal of which was suggested, by mutational analyses, to be involved in sensing of amino acids. These results suggest that Mlp24 is a chemoreceptor for multiple amino acids, including serine, arginine, and asparagine, which were previously shown to stimulate the expression of several virulence factors, implying that taxis toward a set of amino acids plays critical roles in pathogenicity of V. cholerae.
T
oxigenic Vibrio cholerae, the causative agent of cholera, is a Gram-negative, highly motile bacterium with a single polar flagellum. The bacterium inhabits nutrient-poor aquatic environments such as rivers and estuaries or occasionally intrudes into the nutrient-rich lumen of the human gastrointestinal tract (38) . Chemotaxis of V. cholerae toward favorable locations is proposed to play critical roles in its survival (6) and pathogenicity (2, 5, 8, 13, 14, 15, 16, 17, 20, 21, 30, 31) . However, the external signals and cellular factors that mediate chemotaxis of V. cholerae are only poorly understood.
The genome sequence of V. cholerae (El Tor biotype [26] ) predicts that the bacterium has three sets of chemotaxis signaling proteins (Che proteins) and 45 proteins with significant homology to chemoreceptors, also known as methyl-accepting chemotaxis proteins (MCPs). (A member of the latter family within V. cholerae is hereafter referred to as an MCP-like protein [MLP] .) The functions of Che proteins and MCPs are best understood in Escherichia coli (4, 24) , providing the framework for understanding those of homologs in other bacteria. Environmental signals (e.g., serine and aspartate) are sensed by four MCPs (25) . An MCP forms a ternary complex with the adaptor CheW and the histidine kinase CheA. CheA is activated when it is coupled to an unliganded MCP. CheA autophosphorylates and then donates its phosphoryl group to the response regulator CheY. Binding of phospho-CheY to the flagellar motor induces its clockwise (CW) rotation. Attractant binding to an MCP inactivates CheA, which decreases the cellular level of phospho-CheY, leading to counterclockwise (CCW) rotation of the flagellar motor. Persistent stimulation attenuates the initial response, an essential process of which is called adaptation and involves reversible methylation of the relevant MCP (catalyzed by the methyltransferase CheR and the methylesterase CheB). Increased methylation of the MCP reactivates CheA to counteract the inhibitory effect of the attractant.
In the genome of V. cholerae (El Tor biotype), each set of che genes is linked together to form a cluster: cluster I contains cheY1 (VC1395), cheA1 (VC1397), cheY2 (VC1398), cheR1 (VC1399), cheB1 (VC1401), and putative cheW (VC1402); cluster II contains cheW1 (VC2059), cheB2 (VC2062), cheA2 (VC2063), cheZ (VC2064), and cheY3 (VC2065); and cluster III contains cheB3 (VCA1089), cheD (VCA1090), cheR3 (VCA1091), cheW2 (VCA1093), cheW3 (VCA1094), cheA3 (VCA1095), and cheY4 (VCA1096). The cheR2 (VC2201) gene is in the fla gene cluster located just next to the che cluster II. Clusters I and II as well as the fla gene cluster are located on chromosome I, whereas cluster III is on chromosome II. Since the products of the genes in a particular cluster are known or hypothesized to constitute a coherent signal-ing system, we hereafter refer to the three Che systems according to their gene clusters (note that CheR2 is assigned to system II). Out of the three Che systems, only system II is involved in flagellum-mediated chemotaxis (19, 27) . The other two systems are likely to be involved in other cellular functions. However, their roles have been elusive, since neither deletion nor overexpression of genes of clusters I and III produces any detectable phenotype. In addition, chromosome I contains, outside any che or fla gene cluster, a pair of genes encoding a non-CheA histidine kinase (VC1315) and a putative CheY protein (VC1316), which are not believed to be involved in chemotaxis (27) .
In this study, the 45 mlp genes are named mlp1 through mlp45 on the basis of genome order in the large and small chromosomes. Among them, mlp13 (VC1394), mlp14 (VC1403), mlp15 (VC1405), and mlp16 (VC1406) are located in che cluster I, and mlp44 (VCA1088) and mlp45 (VCA1092) are located in cluster III. The others are distributed throughout the genome, with roughly half being located on either of the two chromosomes. For most MLPs, it has not been established which is coupled to which CheA homolog.
Previous studies revealed that three MLPs (Mlp7 [previously named TcpI], Mlp8 [previously named AcfB], and Mlp30 [previously named HlyB]) are involved in pathogenicity (2, 13, 14, 23, 29) and that several che genes of cluster II (cheZ, cheA2, and cheY3) as well as a gene (VC2161) encoding a putative chemoreceptor (previously named mcpX, which is renamed mlp24 in this paper) are required for the expression of the genes encoding cholera toxin (CT) and its positive regulator ToxT upon mouse infection (31 (21) . However, how these MLPs and Che proteins contribute to pathogenicity remains to be elucidated.
This study aimed to identify the chemoreceptors involved in taxis toward amino acids. The results from our in silico, in vivo, and in vitro analyses of Mlp24, which has been implicated in pathogenicity, strongly argue that it serves as a chemoreceptor for various amino acids, including serine, arginine, and asparagine, which are known to stimulate the expression of several virulence factors under the control of the ToxR regulon (35) .
MATERIALS AND METHODS
Strains and plasmids. The classical biotype strain O395N1 is wild type for chemotaxis (Che ϩ ), and its derivative VcheA2 lacks the cheA2 gene (19) . The El Tor biotype strain AC-V66 is Che ϩ , and its derivative AC-V1400 lacks the mlp24 gene (31) . The E. coli strain HCB436 (42) lacks CheB and CheR as well as the chemoreceptors. The E. coli strain SM10pir (35) was used for mobilization of suicide plasmids into V. cholerae. Plasmid pTWV228 (TaKaRa Bio) is a pBR322-based vector carrying the bla gene. Plasmid pKY704 (43) is a suicide vector carrying the sacB gene. Plasmid pGEX-6P-2 (GE Healthcare) is an expression vector for producing a glutathione S-transferase (GST)-fused protein.
Plasmid constructions. Plasmid pAH901 was constructed by cloning the FLAG sequence between the SphI and HindIII sites of pTWV228. For cloning of the mlp24 gene, the coding region was amplified by PCR from genomic DNA of V. cholerae strain O395N1 to introduce restriction sites at the 5= and 3= ends. The resulting DNA fragment was digested with the relevant restriction enzymes and cloned into pAH901, yielding pMlp24, which encodes Mlp24 fused with a FLAG tag at its carboxy terminus. Site-directed mutagenesis of the mlp24 gene was carried out with a QuikChange II site-directed mutagenesis kit (Agilent Technologies/Stratagene, CA), using pMlp24 as a template. The DNA fragment encoding the entire periplasmic domain (residues 29 to 274) of Mlp24 was amplified and subcloned into the expression vector pGEX-6P-2 so that the GSTencoding sequence was fused in frame to the 3= end of the Mlp24-encoding sequence to yield pGEX-Mlp24p. Nucleotide sequences of the cloned and mutated genes were confirmed by the dideoxy-chain termination method, using the BigDye Terminator v3.1 cycle sequencing kit (Applied Biosystems).
Strain construction. The mlp24 deletion allele was constructed by using two-step PCR, and the sequence that lacks mlp24 was cloned into pKY704. SM10pir cells carrying the plasmid were conjugated with O395N1 cells to introduce the deletion allele into the genome of O395N1 by allelic exchange on a selection plate (LB agar with 10% sucrose and without NaCl) to yield Vmlp24 (⌬mlp24). The double mutant lacking the mlp24 and mlp37 genes was constructed similarly and named Vmlp201 (⌬mlp24 ⌬mlp37). The introduced allele was confirmed by PCR analyses.
Methylation assay. Receptor methylation was examined by immunoblotting. An overnight culture of cells in TG medium (1% tryptone, 0.5% NaCl, 0.5% glycerol) was diluted 1:30 into fresh TG medium. After cells were cultured at 30°C for 6 h, harvested, and washed with TM buffer (50 mM Tris-HCl [pH 7.4], 5 mM glucose, 5 mM MgCl 2 ), an amino acid (only L-amino acids and the nonracemic amino acid glycine were used in this study) was added to cells resuspended in the motility medium (TMN buffer; 50 mM Tris-HCl [pH 7.4], 5 mM glucose, 100 mM NaCl, 5 mM MgCl 2 ), and the suspension was incubated at 30°C for 30 min. Cells were collected by centrifugation and suspended in SDS loading buffer (67 mM Tris-HCl [pH 6.8], 8% glycerol, 1% SDS, 0.003% bromophenol blue) supplemented with 7.7% 2-mercaptoethanol. Samples were boiled for 3 min and subjected to SDS-PAGE followed by immunoblotting with anti-FLAG M2 antibody (Sigma).
Capillary assay. Chemotactic ability was examined by a capillary assay (1). An overnight culture of V. cholerae cells grown in TG medium at 30°C was diluted 1:30 into fresh TG medium, shaken at 30°C for 6 h, harvested, and washed with TM buffer (pH 7.4). Cells were resuspended in TMN buffer (pH 7.4) (to an optical density at 600 nm [OD 600 ] of 0.1). After preincubation of cells at 30°C for 1 h, a capillary containing an amino acid was inserted into the cell suspension and the suspension incubated for another 1 h. The bacteria in the capillary were counted by plating serial dilutions on LB agar. For the competition, cells were preincubated in the presence of an attractant, and then a capillary containing a second attractant as well as the first attractant was inserted.
Preparation of the periplasmic fragment of Mlp24. Hereafter, the periplasmic fragment of Mlp24 is referred to as Mlp24p. Purification of GST-fused Mlp24p (encoded in plasmid pGEX-Mlp24p) was carried out essentially as described previously (40) . In brief, the protein was overproduced in receptorless HCB436 cells. After sonication, the cell lysate was subjected to low-and high-speed centrifugation to remove cell debris and insoluble fractions, respectively. The protein was purified with glutathione-affinity column chromatography and treated with a site-specific protease to remove the GST part. The purified protein was dialyzed against the cleavage buffer and used for the binding assay after dilution.
Isothermal titration calorimetry (ITC).
Titrations of Mlp24p with a ligand amino acid were carried out on a VP-ITC microcalorimeter (MicroCal Inc., Northampton, MA). During titration, the sample was held at 25°C in a stirred (307 rpm) reaction cell (1.4 ml). An injection series (1.5 l for the first injection and 3 l each for later injections) was carried out using a 250-l syringe filled with amino acid solution (30 injections with 240-s intervals). Data points were averaged and stored at 2-s intervals. The data were analyzed using an Origin-ITC software package (MicroCal Inc.).
Statistical analysis. To evaluate statistical significance, triplicate data were analyzed by statistical hypothesis testing (Kolmogorov-Smirnov test, F-test, and t test) using application program "R" (37a).
RESULTS
Characterization of amino acid taxis of classical biotype V. cholerae strain O395N1. Vibrio cholerae strain P (O1 serogroup, clas-sical biotype, Ogawa serotype) is known to show positive chemotaxis toward all of the 20 proteinogenic amino acids (16) . We have been using a different strain, strain O395N1 (O1 serogroup, classical biotype, Ogawa serotype), to examine roles of the multiple chemotaxis-related genes (19, 27) . We therefore tested which amino acids serve as attractants for strain O395N1 by using a capillary assay. First, we optimized the conditions for a capillary assay by examining serine taxis of O395N1 (Che ϩ ). The Che ϩ strain was attracted by serine with the peak concentration of 10 mM (Fig. 1A ). This value is comparable to that of E. coli (34) . In contrast, the cheA2 deletion (⌬cheA2) derivative VcheA2 (19) , which lacks the only cheA homolog involved in chemotaxis, was not significantly attracted by serine at any concentration tested (Fig. 1A) . By using the same setup, we examined whether the Che ϩ strain is attracted by the other 19 amino acids at 10 mM (Table 1) . These amino acids elicited attractant responses to some extent, with some being strong (e.g., glycine, alanine, arginine, cysteine, and asparagine) and others being weak (e.g., leucine, tryptophan, and isoleucine). For tyrosine, no significant response was detected.
Competition between different attractants. To gain insights into receptors responsible for amino acid taxis, we examined whether an attractant response to one amino acid is inhibited by preincubation with another amino acid. Such inhibition would likely be due to titration of a shared binding site and/or to methylation (desensitization) of a chemoreceptor that detects both amino acids. V. cholerae cells were suspended in motility medium containing one attractant. After 1 h of incubation at 30°C (allowing cells to adapt to the first attractant), a capillary containing a mixture of another attractant and the original one was inserted into the suspension, which was then incubated for another hour. For simplicity, we examined competition between serine and the other amino acids. Typical results are shown in Fig. 1C . Taxis to cysteine was inhibited by serine and vice versa. In contrast, proline failed to inhibit taxis to serine, whereas serine inhibited taxis to proline. Similar experiments were carried out using alanine, arginine, and glycine. As summarized in Fig. 1B , serine inhibited taxis to alanine, arginine, and glycine and vice versa. The simplest interpretation of these results may be that the V. cholerae strain has at least two classes of amino acid chemoreceptors. However, we cannot rule out the possibility that the noncompeting attractants bind to different sites of the same receptor.
Mlp24 is a candidate for the receptor involved in taxis to amino acids. The genome sequence of the El Tor biotype strain suggests that V. cholerae has 45 MLPs which contain the highly conserved domain (HCD) (26) . However, no ligand for any MLP has been identified to date except that a periplasmic binding protein (with its ligand-bound form) has been suggested to serve as a ligand for Mlp8 (37) , nor have any MLPs been shown to function as chemoreceptors in flagellum-mediated chemotaxis. We therefore performed in silico analysis to identify such MLPs and their putative ligands. We found that 17 MLPs of V. cholerae have their closely related homologs in Vibrio parahaemolyticus (data not shown), which has only one set of Che proteins with high similar- 
was found just before the Cache domain (named a pre-Cache motif) (Fig. 2) . The Cache domain is conserved among the extracellular or periplasmic portions of bacterial chemotaxis receptors from various Gram-positive and -negative species, spirochetes, Thermotoga, and Archaea (3). The pre-Cache motif was also found to be conserved among MCPs of various bacteria. In particular, PctA, PctB, and PctC of Pseudomonas aeruginosa (39) and McpB of Bacillus subtilis (22, 36) , which are involved in amino acid taxis, have both the Cache domain and the pre-Cache motif. The Cache domain and the pre-Cache motif, though they are well conserved among MLPs, do not serve as separate domains but, rather, constitute two tandem PAS-like domains (44) as judged from the three-dimensional structure of the periplasmic domain of Mlp37 (VCA0923) of V. cholerae (Protein Data Bank [PDB] identification [ID], 3C8C). Each subunit of the homodimeric structure consists of two tandem PAS-like domains, providing two potential ligand-binding pockets (referred to as pockets I and II), representing a novel family of sensor domains of bacterial receptors (18, 44) . Sequence similarities among MLPs of this family predict that they also share structural and functional homologies. Therefore, we suspect that this family of proteins in V. cholerae may contain one or more MLPs involved in chemotactic responses toward amino acids. We then focused on one of the candidates, Mlp24 (previously named McpX), which is required upon infection for full expression of the ctxAB and toxT genes, which encode CT and the transcriptional regulator, respectively (31) . The mlp24 gene (VC2161) encodes a polypeptide with a calculated molecular mass of 67.7 kDa. Based on the sequence alignment of Mlp24 with Tsr of E. coli, Mlp24 contains two methylation helices as well as the HCD sequence (32) . The amino sequences of Mlp24 from the El Tor (AC-V66) and the classical biotype (O395N1) were identical.
Effects of an mlp24 deletion on amino acid taxis of classical biotype V. cholerae. To test whether Mlp24 mediates taxis toward amino acids, we disrupted the mlp24 gene of the classical strain O395N1 and examined the resulting strain, Vmlp24, for its chemotactic abilities (Table 1; Fig. 3 ). The ⌬mlp24 mutant showed significantly weaker responses than its parent to 11 amino acids at 10 mM: serine, glycine, alanine, cysteine, arginine, asparagine, histidine, threonine, lysine, glutamine, and proline (Table 1) . Further assays with a wider range of amino acid concentrations confirmed that Mlp24 is involved in attractant responses to these amino acids (Fig. 3A to K) . Responses to the other amino acids, including the poorly soluble amino acids tyrosine and tryptophan, were not significantly affected by the mlp24 deletion at any concentration tested (data not shown). Note that attractant responses at higher concentrations of aspartate and glutamate are not supposed to be physiologically relevant, considering that asparagine and glutamine are reasonably strong attractants. Moreover, these responses, if any, were not affected by the ⌬mlp24 mutation.
For complementation, we cloned the mlp24 gene from the classical strain. The coding region of mlp24 was amplified and cloned into the expression vector pAH901, so that the FLAG tag sequence was fused to the C terminus of Mlp24. O395N1-24 cells were transformed with the resulting plasmid, pMlp24. The expression of the Mlp24-FLAG protein complemented the defects in amino acid taxis of the ⌬mlp24 mutant except for arginine ( Table 1) . Methylation of Mlp24-FLAG was also examined to further confirm the attractant sensing. Methylation of an MCP increases its mobility upon SDS-PAGE, which can be detected by immunoblotting (7, 9, 10, 12) . Mlp24 became more methylated in the presence of arginine, proline, and serine, whereas glutamate had no effect (Fig. 4A) . Based on all these results, we conclude that Mlp24 mediates taxis toward 11 amino acids: serine, glycine, alanine, cysteine, arginine, asparagine, histidine, threonine, lysine, glutamine, and proline. Because the introduction of pMlp24 significantly enhanced taxis of the ⌬mlp24 strain toward methionine, valine, phenylalanine, isoleucine, and tyrosine, Mlp24 may be able to mediate taxis toward these amino acids, though it does not contribute to the tactic ability of the wild type toward them under the conditions tested. It should also be noted that there may be an additional MLP(s) involved in serine taxis because the ⌬mlp24 mutant retained a weak but significant chemotactic response to serine and several other amino acids. This is consistent with the results of competition assays in which threonine and proline did not inhibit serine taxis, whereas serine inhibited taxis to threonine and proline (Fig. 1C) . In fact, we found that Mlp37, the closest homolog of Mlp24 among all V. cholerae MLPs, also mediates taxis to a similar but distinct set of amino acids (data not shown). The existence of multiple chemoreceptors involved in amino acid taxis can also account for the swarm assay of the ⌬mlp24 strain in tryp- tone semisolid agar, in which the ⌬mlp24 mutant showed a wildtype level of swarming (data not shown).
Characterization of an mlp24 deletion mutant from an El Tor strain. To test whether Mlp24 mediates amino acid taxis also in the El Tor biotype, we examined chemotactic responses of the Che ϩ strain AC-V66 and its mlp24 deletion derivative AC-V1400. As has been reported previously (31) , the ⌬mlp24 mutant of the El Tor biotype swarms in semisolid agar to essentially the same extent as its parental strain (data not shown). Capillary assay, however, demonstrated significant defects of the ⌬mlp24 mutant strain: it showed significantly weaker responses than did its parent to serine (Fig. 5A), arginine (Fig. 5B) , alanine, asparagine, glutamine, lysine, proline, and threonine (data not shown). The mlp24 gene cloned from the classical strain O395N1, which encodes an amino acid sequence identical to that of El Tor biotype, fully or partially complemented the defects in amino acid taxis (except for threonine) of the ⌬mlp24 strain (data not shown). Methylation patterns of Mlp24-FLAG in AC-V1400 cells were es- sentially the same as those in the classical biotype strain (data not shown). These results demonstrate that Mlp24 mediates attractant responses to various amino acids also in the El Tor biotype, although there might be minor differences between the two biotypes.
Amino acid binding of the periplasmic fragment of Mlp24. To test whether the set of amino acids that serves as attractants for V. cholerae binds directly to Mlp24, we employed isothermal titration calorimetry (ITC) with a periplasmic fragment of Mlp24 (Mlp24p). Construction and purification of Mlp24p were carried out as described in Materials and Methods. Mlp24p was then subjected to ITC analyses. The titration curve with serine (Fig. 4B) shows a saturation of heat release after 10 or more injections. This result suggests direct binding of serine to Mlp24p with a dissociation constant (K d ) of 71.9 M, calculated by assuming that Mlp24p binds one serine molecule per monomer. ITC analyses also suggested that arginine, asparagine, and proline bind directly to Mlp24p with K d values of 2.5 M, 42.9 M, and 74.6 M, respectively (titration curves not shown). In contrast, the addition of glutamate to Mlp24p elicited no significant release or uptake of heat (Fig. 4C) , a result which is consistent with the fact that this amino acid did not elicit a significant attractant response. It is striking that arginine had an affinity 1 order of magnitude higher than that of serine, a result which seems contradictory to the finding that the former elicited weaker attractant responses (Table 1) . However, lower concentrations of arginine showed stronger attractant activity (Fig. 6C) . Therefore, 10 mM arginine in the capillary may be too high a concentration in that bacteria swimming uphill of the concentration gradient may be concentrated primarily in the region just outside the mouth of the capillary, resulting in lower cell numbers in the capillary.
Mutational analyses of two potential ligand-binding pockets of Mlp24. Each subunit of the homodimeric periplasmic domain of Mlp37 (PDB ID, 3C8C), the closest homolog of Mlp24, consists of two tandem PAS-like domains, providing two potential ligandbinding pockets: membrane-distal and -proximal ones are referred to as pockets I and II, respectively. Since Mlp37 and Mlp24 share 59% identity across their periplasmic domains, Mlp24 is expected to have a similar structure. We used this information to examine which pocket(s) of Mlp24 is responsible for amino acid sensing by introducing an alanine substitution for putative ligandbinding residues in pocket I (Y120A and R125A [ Fig. 6A ]) or pocket II (Y192A and H205A [ Fig. 6B]) . For capillary assays, we used the double mutant strain Vmlp201 (⌬mlp24 ⌬mlp37) as a host to reduce residual amino acid taxis. All the mutant proteins were expressed essentially at the wild-type levels (data not shown). As shown in Fig. 6C , both pocket I mutants (Y120A and R125A) showed defects in mediating taxis toward serine, alanine, arginine, asparagine, and proline, suggesting the involvement of pocket I in amino acid recognition. In particular, the Y120A mutant mediated significant levels of taxis to arginine at higher concentrations (10 and 100 mM), suggesting that the affinity of the mutant to arginine is lower than that of wild-type Mlp24. Cells carrying these mutations showed better performances toward a high (normally inhibitory) concentration of arginine (100 mM) than cells carrying wild-type Mlp24, implying reduced affinities of these mutants for arginine. In contrast, the two pocket II mutations, Y192A and H205A, had much milder, if any, effects (Fig. 6C) . These results suggest that at least pocket I is involved in sensing of the amino acid attractants.
DISCUSSION
In this study, we demonstrated that the V. cholerae classical biotype strain O395N1 is attracted by 19 of 20 proteinaceous amino acids and that Mlp24 mediates taxis toward at least 11 of them, i.e., serine, alanine, glycine, cysteine, arginine, glutamine, asparagine, lysine, histidine, proline, and threonine. No significant taxis toward tyrosine was detected. The apparent discrepancy with the reference (16) which reported that all 20 amino acid serve as attractants might be due to the differences in the experimental conditions, the strain, or both.
It is likely that V. cholerae has multiple chemoreceptors for amino acids. Mlp24 and five other MLPs of V. cholerae, including Mlp37, and amino acid receptors of P. aeruginosa (39) and B. subtilis (22, 36) have the Cache domain (3) and the pre-Cache motif in their periplasmic domains, arguing that some of these five MLPs may be involved in amino acid taxis. The latter motif, in particular, appears to form a putative ligand-binding pocket of the first PAS-like domain in the Mlp37 structure (PDB ID, 3C8C). Indeed, our preliminary results suggest that Mlp37 mediates taxis toward amino acids, including serine, and that even the double mutant lacking both Mlp24 and Mlp37 shows a weak but significant taxis to serine and other amino acids. However, it should be noted that Mlp8 and Mlp10, which are homologs of Mlp24, do not mediate taxis toward any amino acid tested, at least under our experimental conditions, suggesting that the overall sequence and structural similarities of the periplasmic domain of an MLP to those of Mlp24 and Mlp37 per se do not necessarily guarantee its function as an amino acid chemoreceptor.
The ITC analyses with Mlp24p revealed that at least four amino acid attractants, i.e., serine, arginine, asparagine, and proline, bind directly to Mlp24, and therefore, periplasmic binding proteins are not required for sensing of these amino acids via Mlp24. The K d values for these amino acids were similar to or 1 order of magnitude higher than the reported values of E. coli Tsr or Tar for serine or aspartate (11, 28, 33) .
A series of experiments with Mlp24 point mutants, which inactivate either one of the two pockets of Mlp24, revealed the involvement of the first pocket in sensing of alanine, arginine, asparagine, proline, and serine. In contrast, the pocket II mutations had milder effects. These results are consistent with a recent study (18) on McpB of B. subtilis, suggesting that only the first PAS-like domain is responsible for asparagine binding.
One important question is why Mlp24 is required for the expression of the ctxAB operon in the infant mouse model of V. cholerae intestinal colonization (31) . Certain amino acids (asparagine, arginine, glutamate, and serine) are known to stimulate the expression of ctxAB, tcpA, and ompU, all of which are under the control of the ToxR regulon (35) . The results obtained in this study indicate that among these four amino acids, asparagine, arginine, and serine serve as attractants for Mlp24. Therefore, we hypothesize that Mlp24 is required to migrate toward amino acidrich environments in the host intestine, where a sensor detects those amino acids to turn on the ctxAB operon through the virulence cascade consisting of ToxR, TcpP, and ToxT (35) . One such candidate sensor is the VieS histidine kinase, which, together with the response regulator VieA, is required for amino acid stimulation of the ToxR regulon in minimal medium (41) .
However, Mlp24 might have another function(s) in pathogenicity. The nonchemotactic point and deletion cheY3 mutants, which rotate their flagella exclusively counterclockwise, greatly outcompete the wild-type strain upon colonization in mouse intestine (8, 31) . The wild-type strain and the cheY3 derivatives colonize in different segments of small intestine, where the wild type preferentially colonizes the lower half and the cheY3 mutant colonizes throughout (31) . This increased colonization ability is believed to result from the motile but nonchemotactic phenotype of the cheY3 mutant (8) . It is likely that cells lacking mlp24 behave differently than the cheY3 mutant in the intestine because they are competent for chemotaxis toward some attractants (or away from some repellents). In this scenario, fine-tuning of chemotaxis using Mlp24 may be required for colonization of specific sites where signals to induce the ToxR regulon are received. Thus, our finding that Mlp24 mediates taxis to several amino acids raises the possibility that this set of amino acids plays a critical role in pathogenicity of V. cholerae.
